This paper examines the "three factors" approach previously presented by the senior author for determining the net section efficiency of a bolted cold-formed steel open profile. One objective is to ascertain that the net section efficiency is governed by three factors: the in-plane shear lag associated with stress concentration around a bolt hole that is also present in a flat sheet, the out-of-plane shear lag that is also present in a bisymmetric I-section bolted at the flanges only, and the bending moment arising from the connection eccentricity with respect to the neutral axis. This paper presents the test results of 55 single and back-to-back channel braces bolted at the web including those connected with one row of bolts perpendicular to the axial load. The test results affirm the three factors approach, and it was found that the back-to-back channel braces were affected by local bending even though the connection eccentricity was nominally zero. The paper asserts the need to avoid snug-tightening laboratory test specimens and the importance of identifying the failure modes accurately.
Introduction

11
The net section tension capacity of a bolted steel profile such as a channel or an angle cannot 12 be computed simply as the product of its net section area and its material tensile strength, 13 which would otherwise imply a full net section efficiency. In reality, the net section efficiency 14 is invariably less than unity due to a number of factors [1] [2] [3] [4] [5] . In order to account for the 15 reduced net section efficiency of bolted steel profiles, constant reduction factors [6] and 16 simple formulae [7] [8] have been incorporated into the code equations for determining the net 17 section tension capacity. Regression analysis of laboratory test results is also popular in the 18 shear lag associated with stress concentration around a bolt hole that is also present in a flat 26 sheet, the out-of-plane shear lag that is also present in a bi-symmetric I-section bolted at the 27 flanges only, and the bending moment arising from the connection eccentricity with respect to 28 the neutral axis. It was shown through laboratory tests that the equation is significantly more 29 accurate and reliable than the code equations and those derived in the literature using 30 regression analysis. 31
The equation proposed by Teh & Gilbert [5] for a channel brace bolted at the web was 32 modified by Teh & Gilbert [14] to suit an angle brace bolted at one leg. While the modified 33 equation was shown to be accurate except for unequal angles bolted at the narrow leg, it was 34 noted that a single angle brace bolted at one leg is subject to biaxial bending under the axial 35 load. Furthermore, the net section efficiency of double angles, which were subject to bending 36 in the symmetry plane only, was not found to be higher than that of single angles. 37
It is significant that the term L x / contained in the efficiency factor expression, considered by 38
Teh & Gilbert [5, 14] to represent the interaction between the detrimental bending moment 39 due to connection eccentricity x and the counteracting moment provided by the bolt couple 40 acting at L distance apart, was considered by Munse & Chesson [2] to account for the out-of-41 plane shear lag. In the formulation of Teh & Gilbert [5, 14] , the latter effect is a function of 42 the ratio of the unconnected element width to the total element width only. 43
The AISC specification for structural steel buildings [7] determines the net section efficiency 44 factor of a bolted profile to be the larger of the two values computed as a function of
and as the ratio of the connected element width to the total element width. Teh & Gilbert [5, 46 14], on the other hand, treats the two factors as cumulative. The AISC approach [7] means 47
The present work aims to ascertain that the net section efficiency of a bolted cold-formed 50 steel open profile is governed by the three factors described by Teh & Gilbert [5] . The 51 equation proposed by Teh & Gilbert [5] is verified against the laboratory test results of double 52 channel braces bolted symmetrically back-to-back, for which the connection eccentricity x is 53 nominally zero. 54
This paper also presents the test results of single channels connected at the web with a single 55 line or row of bolts parallel or perpendicular to the axial load, complementing the tests of Teh 56 & Gilbert [5] on single channels bolted in a rectangular pattern. In addition, the present 57 aspect ratios are as high as 0.6. An aspect ratio is the ratio of the flange width to the web 58 depth. The proposed equation was also verified against the test results of Pan [10] involving 59 an aspect ratio as high as 0.75. 60
The paper includes some discussions on the needs to ensure that laboratory test specimens are 61 not snug-tightened, and to accurately identify the actual failure mode of bolted connection 62 specimens. 63 section tension capacity of a bolted connection in a steel member to be 66
Equations for the net section tension capacity of a channel brace
in which A n is the net area of the section and F u is the material tensile strength of the member. 68
The variable k t in the equation represents the net section efficiency factor, which is equal to 69 unity for a connection that ensures uniform stress distribution over the net section. 70 4 The clause is adopted from AS 4100-1998 Steel Structures [17] . The explicit coefficient of 71 0.85 embedded into Equation (1) "is intended to account for sudden failure by local brittle 72 behaviour at the net section" [18] and is therefore in a sense part of the resistance factor. The 73 reason for the sudden brittle failure not being accounted for using a lower (formal) resistance 74 factor is that a uniform resistance factor of 0.90 is applied to the net section fracture mode 75 and the member yielding (over the gross section) mode under axial tension. The effective 76 resistance factor actually applied to the net section fracture mode is therefore 0.765. 77
For the purpose of the present work, the explicit coefficient of 0.85 in Equation (1) is ignored 78 since it is actually part of a safety factor rather than a net section efficiency factor. In 79 accordance with 
in which x is the distance between the web's outer face and the section's neutral axis (i.e. the 90 connection eccentricity), and L is the connection length. These variables are defined in Figure  91 1. It will be seen that, for most practical channel connections, Equation (4) gives a net section 92 efficiency factor equal to 0.9, which is over-optimistic for most channel sections. 93
The function "max" in Equation (4) means that the larger between the two values inside the 94 outer brackets is to be used, while the function "min" means that the lesser between the two 95 values inside the inner brackets is to be used. 96
Equation (4) with a lower bound "shear lag factor" equal to the ratio of the connected width to the total 101 width 102
in which W c is the web depth and W f is the flange width as defined in Figure 1 . In practically 104 all cases, the lower bound does not affect the outcome of Equation (5). The sheet steels were brake-pressed into channel sections, with the 1.5-mm sections having a 143 corner radius of 2 mm and the 3.0-mm ones having a corner radius of 3 mm. 144
Specimen configurations and test arrangements
145
The back-to-back double channel specimens comprise sections having web depths of 80, 100 146 and 120 mm, with flange widths ranging from 20 to 50 mm, corresponding to the dimensions 147
of the single channel specimens tested by Teh & Gilbert [5] . Such an arrangement enables the 148 investigation of the significance of the term L x / found in Equation (6). 149
As with the single specimens tested by Teh & Gilbert [5] , the back-to-back channel 150 specimens had two rows of bolts arraigned in a rectangular pattern, as depicted in Figure 1 . The bolts at the downstream ends (i.e. those closest to the member ends) were tightened as 156 snug as possible with a wrench to prevent "global bending" of the back-to-back specimens, 157 associated with the separation of the webs from the gusset plates. However, in order to ensure 158 that friction did not contribute to the tension capacity, the bolts at the upstream end were only 159 lightly tightened. As illustrated in Figure 3 , only friction of the bolts at the upstream end 160 would contribute to the tension capacity of the critical net section since the resultant of 161 stresses at the critical section A-A resisting the tension load P does not include the friction of 162 the downstream bolts. As will be discussed later, friction between the gusset plates (or the 163 washer) and the bolted specimen is an important factor that has often been overlooked in the 164
literature. 165
As demonstrated by Teh & Gilbert [5] , channel braces bolted at the web that have a single 166 row of bolts only perpendicular to the axial load tend to fail in either block shear or bearing, 167 even for a channel section with an aspect ratio of 0.2. In order to obtain net section fracture, 168 the aspect ratio has to be as low as 0.1, resulting in minimal eccentricity x as seen later. The 169 possibility of applying Equation (7) to such connections was investigated. 170
The bolted connection specimens were tested to failure using an Instron 8033 universal 171 testing machine at a stroke rate of 1 mm/minute. The test set-up is shown in Figure 4 . 172 173
Experimental test results and discussions
174
In calculating the net section tension capacity P p of a specimen, the measured values of the 175 material properties and geometric dimensions such as the base metal thickness, the web 176 depth, the flange width, the bolt hole diameter and the connection length, are used. However, 177
for legibility, only the nominal values are shown in the tables following. 178
Only the code equations [6-8] and the equations proposed by the authors are discussed in this 179 section. Equations proposed in the literature for determining the net section tension capacity 180 of a channel brace [10, 12] have been previously discussed by Teh & Gilbert [5] . 181 Table 2 lists the relevant geometric dimensions and the test results of the back-to-back double 183 channel specimens. An empty cell in the table indicates that the data in the above cell applies. 184
Double channel sections bolted back-to-back 182
The variable c denotes the actual net section efficiency factor, defined as the ratio of ultimate 185 test load P t to net section tension capacity P p computed with the assumption of uniform stress 186 distribution 187
All specimens failed in net section fracture, as shown in Figure 5 for CB7. 189 Table 2 shows the ratios of the ultimate test load P t to the net section tension capacity P p 190 predicted by Equations (2) and (4) through (7). In applying Equations (4) through (6), the 191 connection eccentricity x of the individual channel has been used. 192
It can be seen from the actual net section efficiency factors c in Table 2 that the assumption of  193 uniform stress distribution in Equation (2) is unjustified. On the other hand, despite the use of 194 the individual channel's eccentricity x to account for the out-of-plane shear lag effect, 195
Equations (4) and (5) still lead to overestimations. In particular, Equation (4) suggests a net 196 section efficiency factor equal to the upper bound value of 0.9 for all specimens except for 197 CB10 since the term "1 -0.36 L x / " is greater than 0.9 for these specimens. 198 Equation (7) results in an average professional factor equal to 0.98, with a standard variation 199 of 0.084. Table 2 shows that Equation (7) indicates that the data in the above cell applies. The table shows the ratios of the ultimate test 221 load P t to the net section tension capacity P p predicted by Equations (3) that the data in the above cell applies. The aspect ratio of these specimens, 0.1, is extremely 235 low in order to obtain the net section fracture mode, as shown in Figure 7 (a). In fact, there is 12 As it transpired, the in-plane and out-of-plane shear lag terms in Equation (7) fracture. The test net section efficiency factors of all these specimens were found to be higher 244 than unity, with a median of 1.14. 245
Such test results are "anomalous" since the net section efficiency factor of a bolted channel 246
brace cannot be greater than unity. The strain measurement results indicate compression 247 stresses in the flanges [22] , meaning the net section efficiency must be low. 248 Yip & Cheng [22] found that the ultimate test loads of the five specimens were significantly 249 higher than their finite element predictions, with a maximum over-strength of more than 30%. 250
They suggested that the discrepancies were due to the neglect of frictional forces between the 251 gusset plates and the bolted specimens in their finite element models. In this regard, good 252 agreements between laboratory test results and FEA predictions were obtained by Salih et al. 253 [13], who modelled the friction between contact surfaces of their bolted connections. 254
After pre-loading a specimen so that the bolts bore against the gusset plates and the specimen, 255
Yip & Cheng [22] snug-tightened the bolts. This procedure means that the frictional forces 256 between the gusset plates and the bolted specimen contributed to the apparent net section 257 tension capacity (even though the load reading was returned to zero following the pre-load). 258
Since the first paper in the series on the subject was written by the senior author [16], a point 259 is made that the bolts were not tightened to the extent that the frictional forces contributed 260 significantly to the net section tension or block shear capacity, as also made in the section 261 "Specimen configurations and test arrangements". Rogers & Hancock [23] tightened the bolts 262 by hand to a torque less than 10 Nm to ensure that the connection was able to slip under 263 minimal loading. However, in the literature of cold-formed steel bolted connections, a torque 264 of at least 100 Nm has been applied [11] . 265
The provision in steel design specifications that bolts must be installed to a snug tight level 266
should not be a cause to ignore potentially significant frictional forces in an experiment. It is 267 prudent to prevent frictional forces from contributing to the net section tension or block shear 268 capacity of a test specimen, if only to avoid anomalous test results and incorrect conclusions. Table 4 . The SSC400 sheet steel used by Pan [10] was however 275 significantly more ductile than the G450 sheet steel used by Teh & Gilbert [5] . 276 Table 6 lists the relevant geometric dimensions and the results of Group A specimens tested 277 by Pan [10] . An empty cell in the table indicates that the data in the above cell applies. The 278 variable W T is the total nominal sheet width, equal to W c + 2 W f . The measured tensile 279 strength of the material is 450 MPa (rounded to the nearest 5 MPa from the reported 447.77 280 not reported. The nominal bolt hole diameter of 14.3 mm was also used in the calculations. In 282 determining the connection eccentricity x , a corner radius of 2.5 mm was assumed in the 283 computer program ColdSteel [26] . Each of the test results in Table 6 is the average of three 284 specimens having the same nominal configuration, except for the last entry in which case it is 285 the average of two 120 mm by 40 mm specimens only. 286
Equation (6) The test results would indicate that the net section efficiency factors c decreased with 291 decreasing aspect ratios for a constant flange width W f of 40 mm, as shown in Table 6 . 292
However, the reverse should be true provided the failure modes were all net section fracture. 293
As demonstrated by Teh & Gilbert [5] , for a constant flange width W f of 40 mm, the net 294 section efficiency should increase with increasing web depths from 80 mm to 120 mm as the 295 aspect ratios decrease. The reason is that the out-of-plane shear lag effect and the connection 296 eccentricity x decrease over this variation. 297
The eagle-eyed reader may also notice the incidental "symmetry" of the test net section 298 efficiency factors c in Table 6 about the middle specimen, which would imply that the 299 channel braces having the same total width W T had the same net section tension capacity 300 irrespective of their aspect ratios (ranging from 0.33 to 0.75). Furthermore, the test net 301 section efficiency factors in Table 6 could be approximated as k/W T , with the constant k equal 302 to 106 (mm). Such a direct inverse relationship is highly unlikely as it does not account for 303 the effects of out-of-plane shear lag and connection eccentricity. It is even unlikely for boltedOne possible explanation for the "anomaly" of the test results of the 100-mm and 120-mm 306 deep specimens is that a failure mode other than net section fracture was involved. 307
Sometimes a block shear failure, an example of which is shown in Figure 7 (b), could be 308 mistaken for a net section fracture mode, an example of which is shown in Figure 7 
Resistance factor (or capacity reduction factor) 318
For the sake of simplicity, it is intended that a uniform resistance factor is applied to Equation 319
(6) for single and double channel braces connected at the web (whether symmetrically or 320 not). However, in order to prevent the results of the double channel specimens bolted 321 symmetrically back-to-back from skewing the resistance factor higher, these specimens were 322 not included in the determination of the resistance factor. The overall average ratio of the 323 ultimate test load P t to the net section tension capacity P p predicted by Equation (6) for the 324 forty one CSS and CH specimens listed in Tables 3 and 4 Factor Design (LRFD), M m is the mean value of the material factor equal to 1.10 according to 331 Table F1 of the North American specification [30] , F m is the mean value of the fabrication 332 factor equal to 1.00, and P m is the mean value of the professional factor equal to 1.01 as 333 stated in the preceding paragraph. 334
The power p of the natural logarithmic base e in Equation (9) is 335
in which V M is the coefficient of variation of the material factor equal to 0.08, V F is the 337 coefficient of variation of the fabrication factor equal to 0.05, V P is the coefficient of variation 338 of the professional factor equal to 0.065, C p is the correction factor equal to 1.08, and V Q is 339 the coefficient of variation of load effects equal to 0.21. All these values are determined in 340 accordance with Section F1.1 of the North American specification [30] . 341
It was found that in order to achieve the target reliability index  0 of 3.5 in the LRFD, 342 Equation (9) yields a resistance factor of 0.73. 343
A resistance factor  equal to 0.70 (rounded down to the nearest 0.05) in conjunction with 344 Equation (6) is therefore recommended for the LRFD approach for determining the net 345 section tension capacity of a cold-formed steel channel brace bolted at the web only, whether 346 single or double (symmetrically or un-symmetrically connected back-to-back). This value 347 would be the same as that found by Teh & Gilbert [5] for the CH specimens in Table 4 if the 348 statistical variables recommended in Table F1 .1 of the North American specification [30] areOnly two channel brace specimens with a single row of bolts perpendicular to the axial load 351 were tested to net section fracture, and no reliability analysis has been used to determine the 352 resistance factor to be applied to Equation (7). However, considering that only channel braces 353 with extremely low aspect ratios will fail in net section fracture when connected with a single 354 row of bolts, it appears from the results shown in Table 5 that it is reasonable to apply the 355 same capacity factor of 0.7 to Equation (7) that is also present in flat sheets, the out-of-plane shear lag that is also present in a bi-364 symmetric I-section bolted at the flanges only, and the bending moment arising from the 365 connection eccentricity with respect to the neutral axis. 366
Even though the connection eccentricity of a double channel brace bolted symmetrically 367 back-to-back is zero, local bending can reduce the net section efficiency significantly. It is 368
proposed that the same design equation is applied to single and double channel braces bolted 369 at the web so that the three factors are always accounted for. 370
A slightly modified equation, in which the bending effect is neglected, can be applied to 371 channel braces having a single row of bolts perpendicular to the axial load. If the aspect ratio 372 is 0.1 or lower, then the net section fracture mode may govern the strength limit state. 373
Otherwise, the net section fracture mode is irrelevant to the channel brace. 374
One important aspect that has often been overlooked in the literature is the contribution of 375 frictional forces between the gusset plates and the bolted specimen to the apparent net section 376 tension or block shear capacity. Snug-tightening of bolts, while mandated in the construction 377 field, should not be used in experimental tests unless the contribution of the frictional forces 378 is being researched or otherwise accounted for. Neglect of this aspect has led to anomalous 379 results that significantly overstate the true capacities. 380
Provided that net section fracture is the governing failure mode, the net section efficiency of a 381 channel brace increases with decreasing aspect ratios for a given flange width or a given web 382 depth. Test results to the contrary may indicate a failure mode other than net section fracture. 383
It is recommended that a resistance factor of 0.70 be applied to the two equations proposed in 384 this paper in order to ensure a reliability index of not less than 3.5 in the LRFD approach of 385 the North American specification for the design of cold-formed steel structures. 
